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CP and T violation in long baseline experiments with low energy neutrinos
from a muon storage ring
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Stimulated by the idea of PRISM, a very high intensity muon ring with a rather low energy, we consider the
possibility of observingCP-violation effects in neutrino oscillation experiments. More than 10% of
CP-violation effects can be seen within the experimentally allowed region. The destructive sum of the matter
effect andCP-violation effect can be avoided with the use of an initieJ beam. We finally show that the
experiment with(a few) X100 MeV of neutrino energy ang few) X100 km of baseline length, which is
considered in this paper, is particularly suitable for the searcfwiolation in view of the statistical error.

PACS numbd(s): 14.60.Pq, 11.30.Er

I. INTRODUCTION from KEK. Since the muons will have an energy of less than
1 GeV, we can expect that we will have a very intense neu-
Many experiments and observations have shown evidend&ino beam with energy less than 500 MeV. It will be very
for neutrino oscillation. The solar neutrino deficit has longSuitable to exploreCP violation in the lepton sector with
been observefL—5]. The atmospheric neutrino anomaly has eutrino oscillation experiments. With such a low energy
been found[6—9] and recently almost confirmed by Su- 2€amM. we will be able to detect neutrinos experimentally
perKamiokandé10]. There is also another suggestion givenW'th good energy resolution. Stimulated by the possibility

o AT . that we will have a low energy neutrino source with ver
by the Liquid Scintillation Neutrino Detectdt. SND) [11]. high intensity, we consider hg?le how largeC&-violation y

All of them can be understood through neutrino oscillationgffect we will see with such a neutrino beam. In this paper

and hence they indicate that neutrinos are massive and thefigs will consider three active neutrinos without any sterile

is mixing in the lepton sectdr12]. one by attributing the solar neutrino deficit and atmospheric
Since there is mixing in the lepton sector, it is quite natu-neutrino anomaly to the neutrino oscillation.

ral to imagine thatCP violation occurs in the lepton sector.

Several physicists have considered whether we may see Il. OSCILLATION PROBABILITIES

CP-violation effects in the lepton sector through long base- AND THEIR APPROXIMATED FORMULAS

line neutrino oscillation experiments. First it has been stud- Fjrst we derive approximated formuld6] of neutrino
ied in the context of currently planed experimeft8-18  oscillation[12,25,27,28 to clarify our notation. We assume
and recently in the context of a neutrino fact¢fyp—22. three generations of neutrinos which have mass eigenvalues

The use of neutrinos from a muon beam has great advanmn,(i=1,2,3) and MNS mixing matrixJ relating the flavor
tages compared with those from a piOﬂ be_am. Neutrinogigenstatesy,(e=e,u,7) and the mass eigenstates in the
from " (™) beam consist of pure, andv, (veandv,)  vacuumv {(i=1,2,3) as
and will contain no contamination of other kinds of neutri- ,
nos. Also their energy distribution will be determined very Va=Uaivi . @
well. In addition we can tesT violation in long baseline /o parametrizeJ [29-31 as
experiments by using @ntielectron neutring15,16.

Unfortunately those neutrinos have very high end@g). 1 0 0 1 0 O
The smaller mass scale of the neutrino, determined by thg _ i paidrsgion— | 0 01 0
solar neutrino deficit, cannot be seen in most long baseline
experiments. Since the@P-violation effect arises as thréer 0 -s, ¢,/ \0 0
more) generation phenomena4,25, it is difficult to make a

] ' ) ! c, O S¢ C, S, O
CP-violation search using neutrinos from such a muon
beam. X 0 1 0 —S, Cu 0
We are, however, very lucky since we will have a very -s, 0 ¢, 0 0o 1
intense muon source with a rather low energy, PRIZHI.
It will be located at Tokai, Ibaraki Prefecture, about 50 km CyCo CySe Sy
=| —CySu—SySsCu€’  CuC,—5;S45,6°  S,C4€° |,
_ o _ _ 16 io
*Email address: koike@icrr.u-tokyo.ac.jp SySu CySyCu SyCuCySySuE°  CyCye
"Email address: joe@hep-th.phys.u-tokyo.ac.jp (2
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wherec,=cosy, s,=sin¢, etc.
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a,ma,< ém3,. The oscillation probabilities in this case can

The evolution equation for the flavor eigenstate vector inbe considered by perturbati¢h6]. With the additional con-

the vacuum is

dv 1

|& :EU dia@(oﬁmgla 5m§l)UTV’

©)

where m=m{—m?. Similarly the evolution equation in
matter is expressed as

'dV—H 4
I&— v, ()
where
1. . ~2 =2 o\t
H=-—U diagm?,m3,m3)U", )

2

with a unitary mixing matrixU and the effective mass
squaredn?'s (i=1,2,3). The matriU and the masses;’s
are determined bj32-34

mj 0
U m2 Uf=u| omj uf
m2 Sm3
a
+ 0 (6)
0
Here
a=2\2GnE=7.56x10°5 eV?x| L E
- Flle . gcm_3 GeV )
(7)

wheren, is the electron density angl is the matter density.
The solution of Eq(4) is then

v(x)=S(x) »(0) (8)

with

S=T e—ifédsH(s) (9)

(T being the symbol for time orderinggiving the oscillation
probability for v,— vs(a,B=e,u,7) at distancd. as

P(v,—vg;E,L)=[Sg.(L)[2 (10

Note thatP(v,—vp) is related toP(v,—vg) through
a——a and U—U* (i.e., 5—— ). Similarly, we obtain

P(ﬂg—wa) from Eq. (10) by replacing 6— — &, P(?B
—v,) bya— —a.

ditions

p

aL
——=1.93x10 4x —
gcm

2E

L
(ﬁ) <1 (11)

and

sma,L (m3/eV?)(L/km)
2E 77 E/GeV <L

(12

the oscillation probabilities are calculated, e.g., as

sm3L

4E

P(v,—ve;E,L) =4 sir? c385s)

{1+ a 2(1-2s2)
—ZS
om3, ¢

smal  SmiL
2E Sln—C¢S¢S¢,

+
2 2E

x| -2 (1-2s%)
- SySy(1—2s
om3, = ¢

om3, ( :
+——"S,(—S4SyS,+ CsCyC
5m§1 () P¥YPw [Vad®)
sma,L

-4 SE sir?

sma,L
4E

S5C5S4CySyCuSa, -
(13

As stated, oscillation probabilities such &s(;M—Je),

P(ve—v,), andP(ve—wv,) are given from the above for-
mula by some appropriate changes of the siga ahd/or§.

The first condition(11) of the approximation leads to a
constraint for the baseline length of long-baseline experi-
ments as

p

3 gem?® 9

L<1.72x10° km(

The second conditiofiL2) gives the energy region where we
om3,

can use the approximation
0% eV? 300 k“;.

We compare in Fig. 1 the approximated oscillation prob-
abilities [Eq. (13), etc] with unapproximated ones to show
the validity of this approximation. Here we set the baseline
length to be 300 km which corresponds to the distance be-
tween Tokai and Kamioka. Other parameters are taken from
the region allowed by present experimef8g].! We see that

(15

E>76.0 Me\/< 1

Attributing both solar neutrino deficit and atmospheric *Although the Chooz reactor experiment has almost excluded
neutrino anomaly to neutrino oscillation, we can assumeir’$=0.1[38], there still remains a small chance to take this value.
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FIG. 1. The approximated oscillation probabilitiesolid lineg
compared with unapproximated on@ashed lines Here the pa-
rameters are taken as followsm3,;=1.0x10 ° eV?, sm3,=1.0
X104 eV?, sify=1/2, sifw=1/2, sif¢$=0.1, siv=1; p=2.5
glen®, andL=300 km.

the approximation coincides with full calculation pretty well,
and we are safely able to use approximated formulas in th
following.

Ill. CP VIOLATION SEARCH IN LONG BASELINE

EXPERIMENTS

A. Magnitude of CP violation and matter effect

The available neutrinos as an initial beam agaand?u
in the current long baseline experimen&s,36. The “CP

07301
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violation” gives the nonzero difference of the oscillation

probabilities between, e.g?(v,— ve) andP (v, — v,) [16].
This gives

P(v,— ve;L) = P(v,—ve;L)

a om3L
=16——sir? c2s2s2(1—-2s7)
5m§1 AE T9TY ¢
aL _ omilL , )
—4Esm 5E CSypSy(1—2sy)
smpl _smil
—8—¢ sir? AE SiC4S6CuSuCuSa (16)

The difference of these two, however, also includes matter
effect, or the fakeC P violation, proportional taa. We must
somehow distinguish these two to conclude the existence of
CP violation as discussed in Rdf16].

On the other hand, a muon ring enables us to extract
andv, beam. It enables direct measurement of pDRevio-
lation through ‘T violation,” e.g., P(v,— v —P(ve
—v,) as

P(v,—ve) = P(re—v,)

sma,L
4E

sma,L
2E

sir?

S5C5S4CySyCuS, -
17)

Note that this difference gives pufeP violation.

By measuring ‘CPT violation,” e.g., the difference be-
tweenP(v,—ve) andP(ve—wv,), we can check the matter
effect

P(v,—ve;L) = P(ve—v,;L)
a oma,L
=16——siP ———c2s2s2(1—2s2)
5m§1 A4E TPy 4
aL  omiL , )
—4Esmfc¢s¢sw(1—25¢). (18

We present in Fig. 2 the T-violation” part (17) and
““ CPT violation” part (18) for some parameters allowed by
the present experimen{87] with sifw=1/2, sirfy=1/2,
siné=1 fixed. The matter density is also fixed to the constant
valuep=2.5 gl/cnt [39]. The other parameters are taken as
am3,=3x10"° eV? and 1x10% eV?, = &m3=1
X 10 “eV? and 3107 ° eV2

The “T-violation” effect is proportional tosm3,/5m3,
and, for <1, also to sip as seen in Eq(17) and Fig. 2.
Recalling that the energy of neutrino beam is of several hun-
dreds MeV, we see in Fig. 2 that theT*violation” effect
amounts to at least about 5%, hopefully 10—20 %. This result
gives hope that we may detect the pure lept@i violation
directly with neutrino oscillation experiments.
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FIG. 2. Graphs oP(v,— v¢ —P(ve—v,) (solid lines: pureCP-violation effecty and P(v,— ve) — P(;eﬂjﬂ) (dashed lines: matter
effecty as functions of neutrino energy. Parameters not shown in the graphs are taken as the same as in Fig=1/2sigirt ¢y=1/2,

siné=1; p=g/cn?t andL=

The “T violation” is, however, less than 10% in the case Eq.(16), is destructive and has even more smaller magnitude

that 6m3, is as small as 10 ° eV? (see the left four than “T violation,” thus the experiments will be more diffi-

300 km.

graphs of Fig. 2 In this case matter effect is as large in cult. Thanks tov, and v, available from low energy muon
magnitude as T violation” and has an opposite sign for source, one can measur& Violation.” This makes the mea-
sind>0 as seen in Fig. 2. In such a case the sum of the twasurement much easier.
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FIG. 3. We compare the magnitudes off-Violation” [Eg.
(17)] and the “‘CP violation” [Eq. (16)] for some parameters. The
parameters not shown in the graphs are taken as the same as in Fi

2.

In Fig. 3 we compare the magnitudes of ‘violation”

0.8
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TABLE I. The E-dependence of oscillation envelopes of some
guantities withL fixed. Here “const” means that the oscillation
envelope of the quantity is independenttof6P/AP reaches mini-
mum at the regiorE~ 6m3,L.

E om3,L omi,L
P “const.” 1/E or “const.” 1/E?
SP 1/ELS 1/ES~1/E? 1/E?S
AP “const” 1/E 1E3
SPIAP  1EMS 1E%S~1/E E05
AV AV minimum "
n\ [N&n[+|nsN| |[NVNP|+|NPYN|
SP=sl—|= =
N NZ2 N2
JP+P 19
\/N 1

where we usedn=+/n, SN=4N, andn=NP. From Egs.
(13), (17), and(19), we can estimate hoWP/AP scales for

E with L fixed. We summarize the results in Table I. There
we see thatéP/AP reaches minimum at the regioB

~ sm3,L. Note that this situation is quite different from that
for the transition probabilityP itself.

By a similar consideration one can obtain h@k/AP
scales foiL with E fixed. The result for this case is shown in
Table Il. We can see there that we should not keep too large
anL so that the erro6P/AP should not get large.

We need a few hundreds MeV of neutrino energy to reach
the threshold energy of muon production reactigr v,
—N+ u, where N is the nucleon. We have also seen in
Table | that the error comes to minimum at the regin
~9'5m§1L. Considering these results, we conclude tBat(a
few)x100 MeV andL~(a few)x100 km, which we have
just considered in this paper, is the best configuration to
searchCP violation in view of statistical error.

[Eqg.(17)] and the ‘CP violation” [Eq. (16)] for some cases.
The peak value of T violation” is almost twice larger than
that of “CP violation.” We consider that this is a major

IV. SUMMARY AND CONCLUSION

We considered how largeéP or T violation effects can be

advantage of the availability of the initiad(vs) beam.

observed making use of low-energy neutrino beam, inspired
by PRISM. More than 10%, hopefully 20%, of the pure
CP-violation effects may be observed within the allowed

B. Estimation of statistical error in CP-violation searches

region of present experiments.

We have also seen that in some cases the pure

Here we state that the energy range considered here is

probably best in view of statistical errors in order to observe TABLE Il. The L-dependence of oscillation envelopes of some
the CP-violation effect. To this end let us estimate how quantities withE fixed.

SP/AP scales withE andL, wheresP be statistical error of
transition probabilities such aB(ve—wv,) and AP=P(v,

—wv,)—P(v,—v¢). We denote in this section the transition p
probabilitiesP(v,— vg) (a# B) simply byP. Suppose that  sp
neutrinos out oN detected neutrinos has changed its flavor.p p

With a number of decaying muons fixed, the number of de-sp/Ap

tected neutrino®l are roughly proportional t&3, and hence

om3,/E om3,/E
L2 L or “const.” “const.”
L® L15~L L
L3 L “const.”
“const.” L%5~“const.” L
— / /

N~E3L 2. We estimateSP as

073012-5



MASAFUMI KOIKE AND JOE SATO PHYSICAL REVIEW D61 073012

CP-violation effects are as small as the matter effect buterror. It is thus worth making an effort to develop leptonic
have opposite sign. In such a case tHeP violation” gets  CP violation search using neutrinos from low energy muons.
smaller through the destructive sum of the pGiie-violation
effect and matter effect. We pointed out that we can avoid
this difficulty by observing T-violation” effect using initial ACKNOWLEDGMENTS
ve beam.

We finally discussed that the configuration we have con- The authors thank J. Arafune, Y. Kuno, Y. Mori, and N.
sidered hereE~(a few) X100 MeV andL~(a few) X100 km  Sasao for useful discussions. One of the authb&) thanks
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